solved the same problem with an adaptive grid technique. Carmo et al. (1993) applied the MacCormack finite-difference scheme to solve the two-dimensional Serre equations. They studied the propagation of a solitary wave, dam-break flow, and a solitary wave overpassing an island. Frazao (2002) used the Boussinesq equations to study the secondary, free-surface undulations due to opening of a sluice gate, which cannot be reproduced by numerical models based on hydrostatic pressure distribution. Walkley (1999) presented an extensive list of references on the Boussinesq approach.
Introduction

Numerical Solution of Boussinesq Equations to Simulate
Dam-Break Flows Abstract: To investigate the effect of nonhydrostatic pressure distribution, dam-break flows are simulated by numerically solving the one-dimensional Boussinesq equations by using a fourth-order explicit finite-difference scheme. The computed water surface profiles for different depth ratios have undulations near the bore front for depth ratios greater than 0.4. The results obtained by using the Saint Venant equations and the Boussinesq equations are compared to determine the contribution of individual Boussinesq terms in the simulation of dam-break flow. It is found that, for typical engineering applications, the Saint Venant equations give sufficiently accurate results for the maximum flow depth and the time to reach this value at a location downstream of the dam.
The analysis of dam-break flow (DBF) is important for emergency planning and preparedness, as it poses high risk to life and property. Two important parameters obtained from the DBF studies are the maximum flow depth at a downstream location and time to reach this value. Traditionally, DBF is studied by numerical solution of the Saint Venant equations, which are derived assuming hydrostatic pressure distribution in the vertical direction. However, pressure distribution is nonhydrostatic immediately after the failure of the dam (Pohle 1952; Kosorin 1983; Strelkoff 1986 ). Basco (1983 Basco ( , 1989 presented the limitations of the Saint Venant equations for dam-break flow calculations. Mohapatra et al. (1999) studied dam-break flows by using two-dimensional Euler equations in a vertical plane to show the effects of nonhydrostatic pressure distribution. Boussinesq theory can be applied to finite amplitude, quasilong waves propagating in shallow water. Palaniappan (1981) used the Boussinesq equations to study the flow in the tidal region of rivers with curved boundaries and sloping bottoms. Gharangik and Chaudhry (1991) 
Governing Equations
One-dimensional Boussinesq equations may be written as (Chaudhry 1993 
Predictor Part
The predicted variables are obtained from the known variables by using the forward finite differencing for both the time and space derivatives. In the above equations, x=longitudinal direction; u=depth-averaged velocity in the x-direction; t=time; h=flow depth; g=acceleration due to gravity; So=bed slope in the x direction; and Sj=friction slope in the x direction. The Boussinesq terms, B 1 , B 2, and B 3 in Eq. (2) account for the vertical acceleration:
where (7 
The corrected variables are obtained from the predicted variables by using the forward finite differencing for the time derivatives and backward finite differencing for the space derivatives:
where n = Manning roughness coefficient and the channel is assumed to be wide and rectangular. An important assumption in the derivation of the above equations is that the velocity in the vertical direction varies linearly from zero at the bed to the maximum value at the surface. It is important to note that the governing equations do not account for the effective stresses arising due to laminar viscous stresses, turbulence stresses and stresses due to depth averaging. In addition, the flow may be two-dimensional and there may be transport of sediments. These phenomena are not taken into consideration in the governing equations.
-(uh)fJ+ --{-(T)P_ +S(T)P_ -7(T)P}
Tin Eq. (9) is the same as that given in Eq. (7); however, it uses the variables obtained in the predicted part.
Intermediate
It results in (u,h) are evaluated by taking the average of the variables at the known time level, k, and the corrector part:
(10)
Final
Eqs. (1) and (2) are nonlinear partial differential equations and generalized analytical solutions of these equations are not available. Therefore, a numerical approach is used here for their solution. The Boussinesq equations have third-order terms [Eq. (2)] and it is necessary to use third-or higher-order accurate numerical methods to solve these equations (Abbott 1979) . In the present work, the method developed by Gotlieb and Turkel (1976) (Chaudhry 1993 ) is extended to solve the Boussinesq equations for studying the DBF waves. A finite-difference method is used to solve the governing equations [Eqs.
(1) and (2)] on a nonstaggered grid. The flow variables (uk+l,h k + 1 ) at an unknown time, t+~t, are computed explicitly from the variables (uk,h k ) at the known time level, t. First, an intermediate flow field (u,h) is computed by a predictorcorrector procedure, wherein B 2 and B 3 are considered and B 1 is neglected as this contains mixed derivatives. Then, the intermediate flow field is recomputed to obtain the final solution by taking B 1 into account. independence. These input parameters are used in subsequent studies to investigate the effect of Boussinesq terms.
Numerical Solution
In the above equations, idam and ilast represent the computational nodes corresponding to the dam and the outflow boundary. The above initial and boundary conditions are based on the assumptions used in the Stoker solution (Stoker 1957) . It is assumed that the disturbance has not reached the boundaries. However, the actual conditions may also be used. For example, a nonzero value of U; or an inflow hydrograph at the upstream end may be specified. The time step,~t, is computed by using the stability criterion governed by the Courant condition (Chaudhry 1993 ) and the variables at the end of each time step are smoothened by utilizing the artificial viscosity procedure (Jameson et al. 1981) .
Flood Wave Propagation
The surface profiles at time t max = 15 s after the dam break are there are undulations near the bore front and the maximum flow depth is higher. However, the distance traveled by the flood wave propagation is the same by the equations with and without the Boussinesq terms. Although results are not presented here to conserve space, a sensitivity analysis shows that the effects of roughness and bed slope have only a marginal effect on the wave propagation.
Contribution of the Boussinesq Terms
In this study, the contributions of the Boussinesq terms are investigated quantitatively by comparing the variation of the flow depth 15 m downstream of the dam with and without the Boussinesq terms (Fig. 2) . The results indicate that the maximum contribution to the flow depth due to all Boussinesq terms is less than 10%. By comparing the individual Boussinesq terms, the first Boussinesq term has major contributions. Therefore, it is sufficient to include only the first Boussinesq term in the analysis. It is also evident that the effect of nonhydrostatic pressure is limited for a short period after the bore front reaches a downstream location.
Important information for a dam-break study for engineering purposes is the maximum flow depth at a downstream location and the time to reach this value. As may be seen from the surface profiles ( Fig. 1) and from the contributions of Boussinesq terms (Fig. 2) , these two parameters may be determined accurately excluding the Boussinesq terms, i.e., it is sufficient to use the Saint Venant equations for the DBF analysis.
Conclusions
A fourth-order explicit numerical procedure is utilized to solve the Boussinesq equations for simulating dam-break flows, including the nonhydrostatic pressure distribution. The results for the surface profile show that the undulations are present near the bore front only for the depth ratios (r higher than 0.4) only. A comparison of the results obtained by using the Saint Venant equations and the Boussinesq equations shows that only the first Boussinesq term significantly affects the computed results. For computing the important parameters for typical engineering applications, the Saint Venant equations yield satisfactory results for dam-break flow studies.
Notation
The following symbols are used in this paper: 
